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By using the first-principles calculation methods, the stable structures of oxygen incorporated
共101̄0兲 surface of AlN and InN are explored in comparison with that of GaN. The one for AlN is
found to be VAl − 共ON兲3, a complex of Al vacancy and three substitutional O in N sites, while the one
for InN is consistent with that of GaN, which is comprised by two monolayers of O replacing the
N atoms, denoted by 2共ON兲. The stabilization mechanisms of the two surface structures and the
origin of the discrepancy between AlN and GaN are further given by analyzing their electronic
structures. © 2010 American Institute of Physics. 关doi:10.1063/1.3311557兴
Group-III nitrides are of great interest for microelectronic and optoelectronic applications. Attention to them has
expanded from GaN to AlN and InN binary compounds. AlN
possesses a large band gap, high thermal conductivity, small
thermal expansion coefficient, and high electrical
resistivity.1–3 It can be used for UV emitters, lasers, and highmobility transistors, and also can be used as a substrate or
buffer layer for the growth of group-III nitrides and their
alloys.4,5 The outstanding property of InN is the small effective mass, which leads to a large electron mobility and a high
carrier saturation velocity.6,7 Thus, it is a good candidate for
high-performance heterojunction field-effect transistors.
Interest in the nonpolar wurtzite 共101̄0兲 surface of IIInitrides arises for several reasons. First, the stoichiometric
surface is expected to form in the process of fracture because
it is stable over a wide range of conditions. Second, the epitaxial films grown along the 关101̄0兴 direction can decrease
or eliminate the large polarization field in the polar films.8,9
Increasing efforts have been done to the growth of the nonpolar films. Detailed studies of the structure and property of
the 共101̄0兲 surface are therefore needed to the improvement
of film quality and further applications. Finally, the 共101̄0兲
surface often presents as the main component of the lateral
facets of the nanowires and nanotubes.10,11 Surface property
study is important to understand the features of these nanostructures.
Oxygen is usually one of the unintended impurities incorporated in crystal lattice or adsorbed at the surfaces of
III-nitrides. In the case of GaN, much attention has been
attracted by the oxygen incorporated 共101̄0兲 surface because
it was found to be responsible for the formation of some
extended defects, such as dislocations and nanopipes, which
are generally observed in GaN epitaxial films.12–15 Elsner et
al.16 suggested that a complex consisting of a Ga vacancy
and three substitutional O atoms at surrounding N sites,
called VGa − 共ON兲3, is energetically stable by density funca兲
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tional theory 共DFT兲 calculation, while theoretical work of
Northrup et al.17 reveals that a structure with substitutional O
in N-sites of the top two layers, named 2共ON兲, is more stable.
However, the intrinsic stabilization mechanism of 2共ON兲 has
not been clearly explored.
The ideal 共101̄0兲 surface of GaN introduces an occupied
surface state above the valance-band-maximum 共VBM兲 and
an empty surface state below the conduction-band-minimum
共CBM兲, which are usually designated by B5 and C3, respectively. In general, as reported in Ref. 16, the VGa − 共ON兲3 is
thought to be more stable than the 2共ON兲 because the additional electrons introduced by O atoms in the 2共ON兲 structure
occupy the high C3 band, which therefore induces a high
energy, but the Ga vacancy in the VGa − 共ON兲3, which acts as
a triple acceptor, can empty the C3 band and therefore induces a low energy. The truth for GaN, however, is opposite
with the empirical predication. The origin of this abnormal
phenomenon is explored in the present work by analyzing
their electronic band structures.
In contrast with GaN, theoretical works have not yet
been seen in literatures about the interaction of oxygen with
the nonpolar 共101̄0兲 surfaces of wurtzite AlN and InN. So the
structures of the oxygen incorporated 共101̄0兲 surfaces of AlN
and InN are investigated in this work by first-principles calculation methods. The above two structures are still mainly
considered because they are the most possible candidates.
The III-nitrides may be thought to have the same stable oxygen incorporated surface structures because of their similarities, but the truth is unexpected. The one for InN is the same
as that for GaN but the one for AlN is the VAl − 共ON兲3, which
is opposite to that of GaN. The origin of this interesting
discrepancy is also discussed in this paper.
The DFT calculations in this work are performed within
the generalized gradient approximation18 framework as
implemented by the Vienna Ab initio Simulation Package
code.19,20 We employ Vanderbilt ultrasoft pseudopotentials.21
The energy cutoff for the plane wave basis function is 500
eV for AlN and 700 eV for GaN and InN. We employ the
Monkhorst–Pack sampling scheme with a density of 5 ⫻ 8

107, 043529-1

© 2010 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

043529-2

Ye et al.

J. Appl. Phys. 107, 043529 共2010兲

FIG. 2. 共Color online兲 Formation energies of the oxygen incorporated
共101̄0兲 surface models as a function of the cation chemical potential.

FIG. 1. 共Color online兲 Schematic representations of 共a兲 top view of the
relaxed VX − 共ON兲3 共X = Al, Ga, and In兲 and 共b兲 side view of the relaxed
2共ON兲.

⫻ 1 k-point mesh for the 共1 ⫻ 1兲 共101̄0兲 surface.22 The slab
models are built containing 16 atomic layers with 12 Å
vacuum space separating the slabs. The top four layers at
each side of the slabs are allowed to relax by minimizing the
quantum mechanical force on each ion to be less than 0.01
eV/Å. The other layers are fixed in the optimized bulk configuration. Test calculations show that the cell size is converged, and the consistency between the results of Northrup
et al.17 and ours for GaN is also a validation of our calculations.
Top view of the relaxed VX − 共ON兲3 共X = Al, Ga, In兲 is
schematically represented in Fig. 1共a兲. The black rectangle
exhibits a unit cell, which is a 共2 ⫻ 1兲 cell including a VX
− 共ON兲3 complex and a XN dimer. The position of the removed cation is shown by the dashed circle. The O atom
denoted by 1 is in the first atomic layer and is two coordinated. The other two ones denoted by 2 and 3 are in the
second atomic layer and are three coordinated. Side view of
the relaxed 2共ON兲 is schematically shown in Fig. 1共b兲. The
surface O atoms tend to move inward, and the surface cations tend to move outward after relaxation. The two back
bonds of top layer cation, shown by the dashed lines, have
been elongated by about 30%, thus become very weak. The
interest is that this relaxation model is contrary to that of the
ideal 共101̄0兲 surface of III-nitrides,23,24 in which the surface
cations shift inward but anions shift outward. That is because
the additional electrons introduced by substitutional O atoms
are accepted by the cation dangling bond. Repulsion between
the bonds makes it occur.
The formation energies of the considered models are
shown in Fig. 2. The details of the calculation are described
below by taking AlN as an example. The atomic chemical
potential of Al is restricted in the thermodynamically allowed range of ⌬HAlN ⬍ Al − Al共bulk兲 ⬍ 0, where Al and

Al共bulk兲 are the free and bulk Al chemical potentials, respectively, and ⌬HAlN is the formation enthalpy of bulk AlN. The
chemical potentials of N and O are derived from the equations of Al + N = EAlN and 2Al + 3O = EAl2O3, respectively,
in which EAlN and EAl2O3 are the total energy of bulk AlN
and ␣ − Al2O3. It can be seen from Fig. 2 that the VAl
− 共ON兲3 is with the lowest formation energy in the whole
range of the possible Al chemical potential, while the stable
structure is the 2共ON兲 for GaN and InN. We neglect the small
exception for GaN in the very N-rich condition, where the
VGa − 共ON兲3 is more stable, because the calculated range of
the chemical potential is usually not very consistent. The
range for Ga is 1.1 eV here but 0.9 eV in Ref. 17, where this
exception does not exist. It is obvious that the AlN 共101̄0兲
surface possesses a different stable oxygen incorporated surface structure with respect to GaN and InN. The common
ground for the three binaries is that the formation energies of
the stable oxygen incorporated surfaces are lower than that
of the ideal surfaces, which indicates that they are easy to be
oxidized.
To understand the stabilization mechanism of the 2共ON兲
for GaN, its electronic band structure is computed and revealed in Fig. 3共a兲. The green 共triangular兲 line is a fully
occupied band, which has nearly touched the VBM at the ⌫
point. It is, in fact, the C3 band of the clean GaN 共101̄0兲
surface, which is originally an empty band lying closely below the CBM. The considerable downward shift of this band
is from the surface relaxation induced by the additional electrons of the O atoms. This action must be associated with the
reduction in formation energy but it is neglected in the previous empirical predication. So we can conclude that the
2共ON兲 is stabilized by the downward shift of the filled C3
band. The blue 共quadrilateral兲 line present in the upper part
of the band gap is from the elongation of the two back bonds
of the surface Ga. It is an empty state and therefore has no
effect on energy.
The electronic band structure of the 2共ON兲 for AlN is
shown in Fig. 3共b兲. The downward shift of the C3 band also
occurs, but why is the 2共ON兲 not stable for AlN? It can be
partially attributed to the large band gap and the wide dispersion of the C3 band of AlN, which makes the Fermi level
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FIG. 3. 共Color online兲 Electronic band structures of the 2共ON兲 for GaN 共left兲
and AlN 共right兲. The horizontal dashed lines present the position of the
Fermi level.

high in the band gap, about 3.2 eV above the VBM in contrast with 1.2 eV for GaN. It indicates that the reduction of
energy induced by the downward shift of the filled C3 band
is weak for AlN. On the other hand, we should also consider
the electronic structures of the VX − 共ON兲3. The calculated
electronic band structures of the VX − 共ON兲3 for AlN and GaN
are revealed in Figs. 4共a兲 and 4共b兲 respectively. The bands in
the blue and green lines are the B5 and C3 bands, respectively, which originate from the dangling bonds of the XN
dimer beside the VX − 共ON兲3. The two bands in the red lines
are related to the VX − 共ON兲3. The Ga共Al兲 vacancy can introduce three empty states above the VBM. The empty states
appear as an empty band and a half occupied band, so there

are two bands related to the complex. The three empty states
are just fully occupied by the additional electrons of the surrounding O atoms; the obtained two bands thus are below the
Fermi level. What we are interested in is that the positions of
the two bands relative to the VBM for GaN and AlN are very
similar. It does not indicate that their effects on the surface
formation energy are equivalent for GaN and AlN, because
there is a large valance band offset between them. As shown
in Fig. 4共c兲, the VBM of GaN is higher than that of AlN and
the well accepted value of the step is 0.81 eV.25 Three electrons will create a considerable energy difference. The VBM
of InN is 1.25 eV higher than that of AlN. This factor thus is
more important for InN.
The result that the AlN 共101̄0兲 surface possesses a different stable oxygen incorporated structure with respect to
GaN and InN, in fact, is not hard to accept. In our previous
works, a stoichiometric planar-defect 共101̄0兲 surface was
found to be more stable than the ideal surface for AlN, but
not for GaN and InN.26 The adsorption of oxygen on AlN
polar 共0001兲 and 共0001̄兲 surfaces also exhibit different features from GaN.27 In addition, the crystal-field induced split
of the VBM was found to be large and negative for AlN but
positive for both GaN and InN.25 These discrepancies are
related to the intrinsic properties of AlN, which include the
strong ionicity, the small c / a 共lattice constant ratio兲, and the
lack of cation d electrons.
In summary, the geometric and electronic structures of
the oxygen incorporated 共101̄0兲 surfaces of group-III nitrides
are investigated by first-principles calculation methods. The
complex called VAl − 共ON兲3 is energetically stable for AlN but
the stable surface structure for GaN and InN is the 2共ON兲.
The stabilization mechanism of the 2共ON兲 is attributed to the
obvious downward shift of the filled C3 band. The discrepancy between AlN and GaN is partially from the weak downward shift of the C3 band of AlN and partially from their
large valance band offset.
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